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f or tao JdspWpmenee of •nrane SIrA ed sMLft due to nole

S uaes of Inen I=bdamds, Afe a Wiefr Oic4 review of

the twheuetiuel work deaq on We ubjeet to date• a Improved

• sao-shilt approvMut1@ for the SIntermolecat colision

Mpocess is worbcd out 14th t eoeadlute s73ter fixed In space

during the collision. The muin featu-es of the observed phenomena

are ccounted for ,aIn onTy parameters calculated directly from

ioa,= nolecam r properties. A discussion of the 24aitations of

this theo"7 is given. It appears that, in order to achieve further

improvewent, the finite probability of i-transit.ons and the

influence of short-range forces should be taken into account.
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feature.of these shifts, and the most difficult one to account

for theeretleally', Is their dep-enence upon the rotational

quanU number • a individual rotational lines of & band are each

shifted dif~erentlyp maot of them twagws 2lwer frequencies.

GeneraAfry the shift* Increase on passi g from tUe lighter hel•us

to the heavier xenon as the perturbing a&genq ad from the 1-0

Sband to the 2-0 band of C.. The observed shift Tvats fre about4
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In an adiabatic collitMu a j•p

evolves (neglecting deformatb" dt oa tb

16. cf. H. Margenaur., a4 go led h. le Van
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of type d U J .a 4ire lOenote.

a certain cheic~o V 40~1'~ %b S*t&W*AM*
ui and direction of' $6404 64e #a to f ft

the perturbing atom. Fq a 4. tfttW 3Ea ad
0O

Odv mn u CIP A J%

2 0)

%here n is the density of pevtUrt'b. ad SO so f 0
velocity distribution funqt&W a

A simple phase-shift meef4 &*tMtels•sIof"

adiabatic collisions whe* on% or 401of VO9W.& S

spatially degenerate. In tA% Vrttitre *eI SA&VbM

m-state has a meaning only 14 relatin• Z to& IRAN

quantization axis. When a pertUrbatOX S* ~

there are non-vanishing trausItio pron 'avaitmOe Tiem 0

different m-states4 wbIch shoW14 .UI U3S@t•e4 to tI* Am" 0
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0

in the sense of Eq. (3), but also by a rotatkqa3.
0

transformation along with the rotattoiaf % O the

collision.
1 8

18. J. van Kranendonk, thesis, UnJ.ra !~W 2 3

Still another objection has beerxrrt aft"

the adiabatic assumption in a calcul1ati6 £I9~fIS #S

phase-shift method..1 9  As collisions beconme ll

19. L. Spitzer, Phys. Rev. 58, 348 (

0

contribution to the shift increases wit%

until sinlŽ in Eq. (4) reaches its max~m4;94ft ~ %40

Still stronger collisions contribut% Ws 2S 8 1" 1 •

mach larger thaq 2%, they a88 notNg mW , •M 0

fact, with straight-path collisions a4&0$4 X6 40

about three quarters of (4) come fro& A L I • t M

But an adiabatic assumptioi is vA•A@j*q lw
collisions, where the no*-Csfj " 4  SV 0

than unity. Therefore, W"J S h M

non-isotropic parts of the jhase-a tb *O

agiabatic collisions will. ~ik fu*9 111

shift. S

S 0
0 0
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As has already been pointed out A I, on averaging Yj

over the m, the contribution of the noq!eotropi~aqte of

the interaction vanishes. Some authores b U MiwaJ',

who use an average 17,, are therefore oII!p t* exja V

J-dependence by assuming a J-depende* o*4WJ bb

collision parameter, because colfisions %AM Ie M

region are strong enough to cause appreift *ig4%

to different J-states. The weakness at U1S Dy~ *6th*
in order to obtain the right magnitude Mb f- # •b

0

is found necessary to adopt valuq@ PI lb.*' hf5e pau

that are much larger than the ga§4$LMI% M g"*E fe

HCl-noble gas pairs. But therqp 5 taVjWD4 Slop-

calculated with an interactiei 0 1• h 4. T 44.
0 0

Herman's treatment differs esse•t I &WV '19
0

introducing in the interaction energy, a$4p O •

additional P1(cos%) "term which is endft 6,1

*P2 -term of (1) *in ca~isi *& i& W i.bwbs~

according to Herman, f•tS ,6 • "Se:

of mass and center of charge iWtrawmv % ImO9 h

good agreement wit4 observatt %1g 0U:, 1 Ilow n OP

HUl is ass54 A %&%4I Ai bMIIflhbh %&%Eile

an& bISm~I ~IbS~hbP

0 A

1@ •0 0 0 •
0 * O
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electrons of the chlorine atom and the two valence electrons

which are also more closely bound to the chlorine atom.

A treatment having features in common with the one set

out below has been presented independently tr Schuller and
10

Okeengorn, who pointed out that it is the expression (4)

for the 14ne shift (involving sin 1, and not r itself) that

should be averaged over all m-states. q•ever. Arffler and
0

Oksengorn based their calculation of tbe Vte V~t 00 the

assumption of adiabatic collisions, ad 4 % Ib into

account the rotation of the qua Vt #* &M t te

collision process.

The shift may dee fi& tqf & " SOtein

(and not 1 ) averaged over m-#tatq 6 %np4 M iI a 9iase-.ft

approximation holds wutl s TRAIS4 • raft Im a
0 @

•in space for a givf m, " As S 4 19" .32 qes

transition be*,*4 *60% §WS ~ 8 %I " - &a&-- 0

depend on the co*e V go 4tA#%8 SON" MW

exists a cor~# ,% 'i n~~a 7~ )e~ 0@

respect to whiq* At*40e b A ii ~ I~
some restrt*tJ~i t tailoft 4 bjlSjvw ýI 40 S 0

• • 0

*@



used with the phase shifts i referred to that particular

fixed coordinate system. Here again, as in the adiabatic

approach, the interaction of different J-states is neglected.

According to Anderson,20 the exaot expression in the

20. P.W. Anderson, P1krs. Rev. 2, 647 (1949).

impact limit for the width and shift of ar isolated line

J-*Ij', with degenerate levels, is

½r- i -.21tola•r€

where, in Anderson's notation,

s(Trc) -1 Trace{IL i ' p TJ (d (5)
Trace {iii }

Here T(d(O) is the scattering opw&$ h 4 internal

states of the molecule correspondi% tO QdJion of type dG';

p is the dipole moment operator alo ft&ization direction

of the absorbed photon. The trace is t4 over the sub-spaces

of the initial and final degenerate lev&ee

i .
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Among other parameters which determine d( is the

orientation of the collision with respect to the

polarization axis, taken as the s-axis. But, noting that

(5) is invariant under rotation of the coordinate system,

the roles of the collision orientation and the polarization

axis may be interchanged. Choosing some direction defined by

the collision as a z-axis, the averaging can be made over all

possible directions of-the polarization axis, by sumaing (5)

over the three components of p in the system defined by

the collision. The relation of this system to the

orientation of the collision is immaterial in the calculation

of S(dd) as a whole. Yet individual matrix elements of T

in (5) may depend on it, due to the spatial degeneracy. By

a particular choice of z-axis, namely the apse line (the

intermolecular axis at the moment of closest approach), the

non-diagonal matrix elements of T *connecting different

m-states can be made small, compared with the diagonal elements.

Then, if inelastic transitions are negligible,

<vjm jT vjmf > P4 exp( C vm C

SiB ]



where

*bv.* <vjm IV (0)Ivjm> dt ,(6)

with V represented in the fixed eystem. Expression (5) then

reduces to the phase-shift expression

where Z" are the (normalized) dipole transition moments.

The resulting line shift is

2% EmE f dv sin (7 Vj'Im, - '?vim (8)

Anderson has given an iteration process for the calculation

of T in power series of the operator P, whose matrix elements

are given by

<alP Ib> a~ <oe abtIV~tl b> dt,

Scoll1

___
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thus obtaining21

21. P.W. Anderson, thesis, Harvard (1949). Equation (9)

i obtained by neglecting the non-comuting of V(t3)

and 1(t 2 ) at two different monts t 1  and t.

The non-commuting terms are shown to lead to the

introduction of higher-order perturbations.

T - ý+(9)

Tsao and Curnutte have given a calculation of <a I PI b>

22. C.J. Tsao, and B. Curnutte, J. Quant. Spectrosc. Radiat.

Transfer, 2, 41 (1962).

for the interaction term with P2 (cosa ). It was shown that

for a straight path collision with impact parameter b and

relative velocity u (fig. la), matrix elements of P between

two different energy states j and j" include the factor

exp(-.jj.b/u) which becomes eletI ngly small when wjj.b/u*l.

In the case of collisious Wtwee•tC)1 and the heavier noble gas

atoms, with impact paramrte3P laele A the gas-kinetic collision

diameter, and average ves.ecqie% Wresponding to temperatures as

0
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high as 10000 C, this inequality generally holds and matrix

elements of P between two j levels are negligible.

To calculate the matrix elements of P in the sub-space

of the level J, with a given fixed quantization axis, it is

necessary to rewrite P2 ( coaX ) in terms of the polar

angles (o,f) of g an (and.) of R in the given

reference system. This is done by the addition theorem for

Legendre polynomials 23

23. cf. E.U. Condon, and G.H. Shortley, The Theory of Atomic

Spectra (Cambridge University Press, New York, 1935).

k

Pk(cosX) -2 - : ), , , (io)

where, unlike the operators YmX(et), the expressions

Y k,(OR# tR) are functions of the classical path parameters

OR(t) ad aR(t).

The matrix elements <Jm I zk,(e,•l j)m"> vanish unless

m" - m + X . Therefore, in the non-diagonal matrix elements

<jm I Pl Ime> , only those terms appearing in (10) need be

retained for which X ý o. Now, if X ý o, the integrals

fak(R) Yk,(ORItR)dt which appear in <Jm P Imj"> are

minimized by taking the z-axis in the direction where ak(R)

has a sharp maximum. This is due to the fact that all spherical

f@
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harmonics with X 'ý o vanish along the z-axis (8, - o).

In this work, where the interaction (1) is assumed, the

integrals

SfR7'Ya %(,at #)dt -8,

should be considered. Performing the integration along a

straight path, with the z-axis perpendicular to, and the x-axis

along the path, one obtains g+1 - o, while g+, - go/

In the diagonal matrix elements of P, which give the phase

shift, the following integrals must be considered

f'if--6< IPk( cosmX) > dt-(jmIPkCcos 9)Im>ftR'-6Pk(cos 91) dt, (-1)

where k- 0,2. For straight path collisions, in which R2 - 2 2 b 2,

j> -I.R-6dt 3- G,- (1)-00~ St1b5  (2

and

S t -R-6P(Cos 0 )dt - G. (13)

The phase shift

S-, " V jv'm' -1v•m
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for the m-om' component of the line now becomes, using (6),

(1), (13), (32) and (13),

where

<'J,,> M <'•nl P2 (Cos 8)I- 1(') jm . Ol•-N
(2J-l)(2J+3)

and where24 Av - <v I A(x) I v> , B v- <v I B(x) I v•>.

2P4. For the HCU molecule, in the range of j to which the present

theory was applied (j 4 7), the effect of centrifugal stretching,

which introduces a j-dependence into the vibrational expectation

values, is very small and was therefore neglected. At higher j it

may cause a small measureable effect, shifting lines in the

R-branch more to lower frequencies than corresponding lines in the

P-branch (cf. the C-term in Eq. (28) of ref. 6).

The non-diagonal matrix elements <jm I P I jnm > are small

compared with rm', unless the isotropic and non-isotropic parts

of 1 n, happen almost to cancel each other. But then the

contribution of such an m-bm' component to the total &hift is in

any case small, and the error introduced in the calculation of the

shift by neglecting the non-diagonal elements is small.

f . __
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An estimate of the error introduced by neglecting the

non-diagonal mtrix elements < jm I P I j3m> mq be reached by

comparing an expansion of (7) in power series of P to

the iteration process of Anderson, where the <3m.I P fim >

are included in a similar expansion of (5)"0:

S(d1T)- S0 + ISI + S2 . .....

In both approaches S vanishes, and -S is equal to the

average over m-states of the phase-shift. In this last term,

which gives the first-order contribution to the shift, only

the isotropic part -(AV, - Av)G remains, and therefore

S fails to account for the j-dependence of the shift. The

next term is

S•- G2 f(At Av) 2+ • v I <j',m,'> -B <3,m>) 2J

MInn

In Anderson's exact expansion the numerical coefficient is

equal to 7/12, whereas in the present phase-shift approximation

S- 9/16. The difference between the two is a factor 27/28

j Sa

*P •
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on3.25 In S30 which gives an important contribution to

25. In the adiabatic approach of Schuller and Oksengorn

(ref. 10), t- 1 instead of 7/12.

the shift, :the difference is not much larger. 2 6

26. The coefficients Bv and Bv, are usually much larger than

(AV, - A,), and therefore even with collisions where S1  is

still small, the individual phase-shifts 2 mm, may be quite

large and S3 may be very important.

A collision in which a j-transition occurs does not

contribute to the line shift and it therefore seems reasonable

as suggested by Englman to exclude those collisions whose

parameter lies within the cross-section for j-transitions.9

Since this cross-section is j-dependent (because the spacing

between adjacent j levels increases with J) such a cut-off

treatment would predict an additional j-dependence of the line

shift that may bring about an improvement over the results of

the phase-shift method.
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Unfortunately, very little is knowr about the cross-

section for J-transitions in HC1 - noble gas collisions, though

it is generally accepted that it is of the order of magnitude

of the gas-kinetic cross-section.27 However, as is seen from

27. cf. H.S.W. Massey, and E.H.S. Burhop, Electronic and Ionic

Impact Phenomena (Oxford, at the Clarendon Prose, 1952).

the results of the present work, an approximation wherein a cut-

off at b - d is applied for all lines, yields by and large the

right magnitude and form of the J-dependence, using the interaction

energy (1), with the various force constants calculated in the

normal manner for induction and dispersion forces. Possible

refinements, involving collisions with b<d and accounting

for j-transitions, are discussed briefly in a concluding paragraph

of this paper.

CALCULATION OF THE SHIFT

The cross-section for the shift is expressed for convenience

in terms of the billiard-ball cross-section nd 2, and as a

function of the parameters Km,, defined as the phase-shift (14)



for b- d:

With the collision rate dv - 2r. n u b db, the shift given by

(8) can be writter8

28. An averaging should be made over a distribution of the

relative velocities u. This problem has been treated by

Schuller and Oksengorn (ref. 10). Nevertheless it is

usually sufficient to take an average value of u.

A JjjI nu •d?- 1 z~j ' ( m)

where

§ (mm) - (b/d) sin( ý ,)d('b/d).

In the approximation where collisions with b< d are excluded

(the "cut-off" approximation),

K

~(K) - I K) - !K?-/ f C 75 r

To give an idea of the contribution to the shift from collisions

_____________
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with b(d, leaving aside J-transitions, I @ ..(K) is compared

in Fig. 2 with two other approximations, where phase-shifts from

close collisions are included. One of them (the "straight-path"

approximation) is the less realistic, though more comaonr used,

where the size of the molecules is neglected and all collisions

(o~b <O) are considered with straight paths. Note that the

corresponding expression

)(K) K2 /J 7/5 sin2 d2 - 0.8753

when multiplied by e, is independent of d. The other,

more realistic approach is based on the suggestion of

Schuller and Vodar 29 to use the model of rigid spheres,

29. F. Schuller, and B. Vodar, Compt. rend. M, 1877 (1960).

with broken paths for collisions with b<d (Fig. ib). Taken

along a broken path, the integral (13) is no longer three-

quarters of the integral (12). The ratio of the two integrals

changes with b, from 3/4 for b- d, to 1 for b- 0 (the limit

where adiabatic and phase-shift treatments coincide). The plot

of b. b(K) (the "billiard-ball" approximation) given in fig. (2)
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was calculated by assuming the constant ratio 3/4 all over the

range of variation of b, thus introducing a smal. error,

which vanishes in the limiting case where only the isotropic

part of the interaction contributes to the shift.

As the angular momentum j increases, the sum z

converges into the tam (ly,,). where Kv, is

the contribution to Km, from the isotropic part of the

interaction. Therefore, the shift should tend with increasing

J-number to a value which depends on vibrational quantum numbers

only. It is interesting to notice that in the interval O<K43,

both fc.o. and f b.b. are nearly linear in K, while L.P.

is proportional to K-2/5. This distinction is important for the

interpretation of the ratio of the shifts of corresponding lines in

the fundamental and overtone vibrational bands.

The parameters A and B in the interaction energy (I)

were calculated in a manner similar to that of I, with the

additional refinements that the vibrational dependence of the

anisotropy of the polarizability was considered, and the average

electronic energy W, which appears in the dispersion interaction,

was determined in a different manner.
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We write

A- O(b1 aLQ(x) + 0(axobw

and

2 W~C + T(x) ka(x) OVb

where Va and O•b are the polarizabilities of the polar

molecule and the noble gas atom respectively; T - (0(i- 1 )/(21 )

is the anisotropy in (,a due to the difference between the

polarizability %(I along and O perpendicular to the molecule's

symmetry axis. W was determined by comparing the ground-state

value of A with an empirical value of the force constant (the
4FU"6 term of a Lennard-Jones 6-22 potential energy function30

30. cf. J.0. Hirschfelder, C.F. Curtiss, and R.B. Bird, Molecular

Theory of Gases and Liquids (John Wiley & Sons, Inc., New York, 1954).

with 6 and 0' for the mixture of two gases calculated by the mixing
rule a-(•-a"F~)1/2' a - 1 ((ra + or))

rules&-(a-'2 a b
The variation of A and B with the vibrational quantum

number was calculated by expanding A(x) and B(x) to the first

power of x:

__ _ _ __ _ _ _
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AWx - A 0 .[bA(x)/bxJ,.O (Xa-x) +

with xc - <olxlo). Now

aA/4 x . 2,O•bN, a ,.lax + Wa %w .tx,

and

6B/bx- 2(t&a ,, a/bX + itbWb(Y ea)/ x.

If however o(./bx 66/ 6lx , as is true for HCI

(both from empirical evidence 31 and from theoretical

31. E.J. Stansbury, M.F. Crawford, and H.L. Welsh, Can. J. Phys.

U, 954 (1953).

considerations32), then 'a (7YO) V x f4lll

32. F. Schuller, L. Galatry, and B. Vodar, Compt. rend.,

248, 2194 (1959).

and therefore ýbB/lx bA/Ix . In this case K., may

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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be written

%m KV71l f(<jm> - *jM ~<ji >1m'

with

where AA Av, - A. Valus of XV, and By/A, for

HC1 collisias with the noble gases argon, krypton and xenon

at room temperature, have been calculated using the values of

lalo(a/bX, T,7 b, Palbla/b x <v' x 1 v> I 6a, 'b, Ca' and

SbF which are listed in I. These are gathered in Table I,

together with d, u, and W. The values of Bv were obtained by

considering only the known anisotropy of the polarizability.

A similar anisotropy in W may add to the magnitude of the

anisotropic interaction. Therefore values of Bv/,&A higher by

5C% than those given in Table I were also used in the

calculations.

DISCUSSION OF RESULTS

The line-shifts induced by argon and krypton in the 1-0

and 2-0 bands of HCl, calculated with the "cut-off" approximation,
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are shoan in Figs.3 and 4, together with the experimental

points. In each case two curves are given, one with values

of Kw, and Bv/AA calculated from the molecular constants

alone (see Table I) and a second with a value of Bv/A

set 5C% higher.

In Fig. 5 the experimental shifts in the 1-0 band of

HCl pressurized by krypton are compared with calculated

values using the broken-path "billiard-ball" approximation,

in addition to those obtained by the "cut-off" approximation.

At higher J-values the experimental points lie between the

two curves. This suggests that with increasing J, as

j-transitions become less probable, more and more contribution

to the shift comes from the region of close collisions (b<d).

A better agreement with experiment would thus be obtained by

using a j-dependent cut-off (falling in the region b<d).

Very recent work3 3 has revealed that shifts of HCI 2-0 band

33. D.H. Rank (private communication; Revs. Mod. Phys.

I, 577 (1962)) has given observed values of shifts of HCU

lines due to argon and xenon up to j - 23; due to krypton

up to j - 15.
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lines due to argon do not tend to a constant limit for high j

but begin to decrease at about j - 8.

There is then a systematic trend: shifts due to helium

are all towards higher frequencies; those due to noon pass a

maxnm red shift at about J - 3; with argon the maximum is

at about j - 8; with krypton the shift is still fairly constant

at about J - 15; and with xenon the shifts are still increasing

with j at J - 23.

These manifestations may be explained by taking into

consideration short range forces. As explained above, with

increasing j, closer and closer collisions contribute to the

observed shifts and therefore short range forces become more

and more important. Moreover, weakly interacting lighter noble

gases are less effective in causing j-transitions than the

strongly interacting heavier ones. Consequently the values of

j at which the region of close collisions assumes importance

increase progressively from helium to xenon. In this region

it is necessary to consider in addition to repulsive forces

also short range attractive forces (such as the B78 dispersion

interaction30, which increases with the s of the

polarizability of HCl), whose relative importance increases from
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the lighter noble gases to the heavier ones. These

attractive forces lead to an increase in the red shifts with

xenon, whereas with neon and argon the repulsive forces

predominate in short range collisions and the trend is

opposite.

In the light of the above discussion scm features

of the temperature dependence of the shifts may be understood

qualitatively as follows. As the temperature increases, the

mutual penetration of the colliding molecules increases and

therefore the importance of short-range interactions becomes

more marked. The shifts may be expected to increase with

temperature with the heavier noble gases (xenon) and decrease

with the lighter ones (argon, at higher j). These opposite

teadencies were in fact observed in measurements of the

temperature dependence of shifts induced by xenon and by

argon.
4 ,3 3

The present theory fails to account for the shifts of

the two lines in the center of the band - R(O) and P(l).

This may be due to the inadequacy of first-order perturbation

treatment, as well as to the larger probability of

j-transitions outside the region b< d (both because of the

small separation of the rotational energy levels j - 0 and

j 1)
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It is hoped that a future investigation, where

J-transitions and short-range forces are duly considered,

will extend the validity of the present treatment to account

for all observed features (including effects of temperature)

of the HCU shifts induced by the noble gases.
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TABLE I

Values of the billiard-bal! radius d, relative velocity u,

average electronic energy W, the parameters KW , and Bv£A

for interactions of HCI with argon, krypton and xenon.

Ar Kr Is

d (in 108cm) 3.21 3.31 3.53

u (in 104cm sec- 1 ) 5.75 4.98 4.69

w (in 107-erg) 51.3 47.0 47.5

{-0 band -1.05 0 -1.45 -1.82

2-0 band -2.45 -3.40 -4.26

"1-" band 9.6 9.6 9.6
B/4 12-0 band 4.1 4.1 4.1



CAPTIONS OF FIGURES

Fig. 1 The "billiard-ball" collision model with (a) impact

parameter b larger than billiard-ball radius d,

and (b) b smaller than d.

Fig. 2 The shift factors 1(K) for the "cut-off", "billiard-

ball", and "straight-path" approximations.

Fig. 3 Argon-induced shifts of HCi lines calculated with the

"cut-off" approximation, with values of K., and

Bv/,A given in Table I, and with values of BvAA

5C% higher.

Fig. 4 Krypton-induced shifts of HCI lines calculated with the

"cut-off" approximation, with values of Kvv , and

Bv,/4A given in Table I, and with values of BV/A

50% higher.

Fig. 5 Shifts due to krypton in the 1-0 band of HC1 calculated

with the "cut-off" and "billiard-ball" approximations.
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